In jawed vertebrates from sharks to mammals, the thymus is the primary (or central) lymphoid tissue where T cells develop and mature. The particular stromal cell types, cytokine environment, and tissue organization in the thymus are essential for V(D)J recombination, positive selection for major histocompatibility complex recognition, and negative selection against self-peptide recognition of most αβ T cells. The thymectomy operation on Xenopus tadpole larva described here creates a T-cell-deficient model suitable for many immunology studies.
Our device delivers a VHF pulse of 10 msec-duration and a power of 10 watts to the target tissue via an abraded tungsten wire.
Needles, tungsten
Sharpen the tungsten needles by electrolysis (Brady 1965) . The same Zapper instrument used for microcauterization can be used to fashion desired needle points by bobbing the wire tip up and down in a saturated sodium chloride solution.
Pipettes, plastic Water aerator
METHOD
There are differing views as to the ideal developmental window for thymectomies to be performed. Although thymus visualization is more difficult, earlier thymectomies-e.g., from day 4 to day 7 post-spawn (Nieuwkoop and Faber stages 45-48 [Nieuwkoop and Faber 1994] )-are recommended. This is the period where the thymus is developing, but lymphoid lineage cells have not yet migrated to the thymus (Horton and Manning 1972; Arnall and Horton 1987) . Past this time, T cells can mature and escape into the periphery, resulting in incomplete T cell ablation.
Spawning
Methods for spawning Xenopus laevis vary. We use hCG injections into the dorsal lymph sacs to induce amplexus.
1. Prime a male Xenopus with 40 U and a female Xenopus with 20 U of hCG. Leave in separate tanks overnight.
2.
Administer an additional 250 U of hCG to the female the following morning.
3. Four hours later, add the male and female to a shared tank containing spawning mops, nylon mesh, or marbles. Cover the tank to keep it dark and avoid disturbances.
Anesthesia
Individuals vary in susceptibility to MS222 toxicity. Overexposure to MS222 reduces the chance of tadpole recovery. Do not leave tadpoles in the MS222 bath for longer than 15 min.
4.
Dilute 30 mg of MS222 in 100 mL of buffered vivarium system H 2 O in a plastic beaker.
5. Construct a tadpole "net" by looping a plastic pipette back on itself and covering it with a piece of cheesecloth. Secure the cheesecloth to the pipette with tape ( Fig. 1D ).
6. Using the net, capture a tadpole. Place it in the MS222 bath.
7. Monitor the tadpole for 1-3 min until it has stopped moving.
8. Retrieve the tadpole from the anesthesia using the net.
If it is still moving, return it to the MS222 bath.
Thymectomy 9. Wet a piece of cheesecloth with dechlorinated tank water. Place it on the dissection microscope stage. Position the cloth such that a section overlaps with the grounded metal plate stage, illuminating the cloth from below in the field of view.
10. Using the net, transfer the anesthetized tadpole to the stage cheesecloth so that the light shines through it. Position the tadpole on its ventral side with either the eyes or tail facing forward ( Fig. 1F ).
11.
Locate the thymus using the microscope.
The thymus is located bilaterally caudal and medial to the eyes and lateral to the dark central nervous system (Fig. 2 ). Note that the thymus shown in Figure 2 is at a later stage of development where it is melanized and easily visualized; at the present stage, the thymus will not be melanized and will appear as a small, clear oval or circular sac (Fig. 1F ).
12.
Optionally, dab the surface of the tadpole covering the developing thymus with a small piece of tissue paper to dry the skin.
If thymectomizing later in the optimal window (e.g., day 7 post-spawn), using the dissection needle to rupture the skin and provide better exposure of the thymus before administering the electrical pulse can increase accuracy and improve efficiency of ablation.
13. Use the microcautery apparatus needle to burn the bilateral thymus organ away on one side of the tadpole:
i. While looking through the microscope, lower the needle until it is visible.
ii. Place the needle on the tadpole near the thymus.
iii. Press the foot pedal to administer an electrical pulse.
Ideally, the thymus should be burned with only one quick pulse on the thymic lobe ( Fig. 1 ). If the thymus is still visible, a second pulse can be administered; however, this decreases the chance of survival and should be avoided when possible. 14. Repeat Steps 13.i-13.iii on the other half of the bilateral organ on the other side of the animal.
Rotating the cheesecloth allows use of one's dominant hand for both procedures, but takes precious time to reposition. With practice, both sides of the tadpole can be ablated with a single positioning.
Recovery 15. Immediately after thymic ablation use the net to transfer the tadpole to an ice bath. Cool the animal for 3 sec.
16.
Transfer the tadpole to a plastic beaker of aerated regular tank water containing carbenicillin at a concentration of 80 mg/L. Allow the tadpole to recover for 1 h.
See Troubleshooting.
17.
Transfer the tadpole to a designated tank in the primary recirculating Xenopus husbandry system.
Repeat
Steps 4-17 with the remaining tadpoles.
Screen thymectomized tadpoles for regrowth of the thymus at 1 and 2 wk after the surgery (see . See Troubleshooting.
Screening

19.
Dilute 30 mg of MS222 in 100 mL of system H 2 O in a plastic beaker.
20.
Wet a piece of cheesecloth with regular tank water. Place it on the dissection microscope stage.
21.
Use the net to transfer a thymectomized tadpole into the MS222 bath. Remove the tadpole from the anesthesia after 30 sec.
Complete immobilization is not necessary for screening.
22.
Transfer the tadpole onto the stage cheesecloth. Carefully inspect it through the microscope.
If a melanized thymus can be detected on either side of the tadpole (see, e.g., Fig. 2 versus Fig. 1I ), the thymectomy was unsuccessful. Tadpoles with thymic regrowth should be euthanized by exposure to an overdosed bath of MS222 (>1000 mg/L) for at least 1 h.
TROUBLESHOOTING
Problem (Step 16): The tadpole does not recover from anesthesia. Solution: MS222 can be toxic at high doses or with slower processing times. Variable size and pharmacogenetics will cause some tadpoles not to recover in the aerated post-surgery tank. Lower levels of MS222 (e.g., 10 mg/100 mL [Rollins-Smith et al. 1996] or 20 µg/mL [Tochinai 1975] ) have been used successfully and might increase survival.
Problem (Step 18):
The tadpoles die in the days following the thymectomy. Solution: This surgery can have a low survival rate because of the traumatic nature of the procedure. However, if you experience very low rates, several variables can be altered. The ice bath postthymectomy is optional: Although lowering the body temperature lowers the metabolic rate and can therefore increase survival, it comes at the cost of increased handling of the tadpole, which disrupts the outer mucous membrane. Similarly, some have performed the thymectomy procedure itself on a chilled agar plate. The use of antibiotics in the recovery tank is also optional, and could disrupt mutualistic bacterial skin and gastrointestinal flora.
DISCUSSION
The thymus is the primary lymphoid tissue for T cell development (Cooper et al. 1966; Criscitiello et al. 2010) . Additionally, the frog undergoes class switch recombination of the immunoglobulin heavy chain locus in a translocon organization and somatic hypermutation driven by specialized follicular antigen presentation (Neely et al. 2018) . The frog thymectomy model has been used for decades (Horton and Manning 1972) and is now an established model of adaptive immunity absent the effect of T cells in a metamorphosing tetrapod vertebrate (see, e.g., Sakuraoka and Tochinai 1993; Ono and Tochinai 1995; Kinney et al. 1996; Robert et al. 1997; Horton et al. 2003; Mashoof et al. 2013 ).
The relatively superficial position of the bilateral organ in developing anuran amphibians makes the frog thymectomy model straightforward. Alternatively, in the Northern leopard frog Rana pipiens, it can even be aspirated using a fine glass micropipette (Rollins-Smith and Cohen 1982) . A late larval thymectomy model has also been used in Xenopus laevis to explore the persistence of larval T cells post-metamorphosis (Rollins-Smith et al. 1996) .
RECIPE
Amphibian Phosphate-Buffered Saline (APBS) Sodium chloride (NaCl) 6.6 g/L Sodium phosphate (Na 2 HPO 2 ) 1.15 g/L Potassium phosphate (KH 2 PO 4 ) 0.2 g/L Adjust pH to 7.7 with 10 N NaOH, and filter-sterilize through a 0.2-µm filter. Store at room temperature for up to 6 mo.
